Introduction
Macrophages are immune cells of myeloid lineage that maintain tissue homeostasis and participate in host defense. They remove cell debris, recycle, and clear apoptotic cells during tissue homeostasis and remodeling. As members of the innate immune system, macrophages sense and respond to infection, cancer, and tissue damage by cytokine and growth factor secretion and phagocytic activity. They are required for tissue regeneration and repair in addition to host defense. Through their cytokine profile and antigen presentation capacity, macrophages can engage and influence the adaptive immune system. For example, tumorassociated macrophages are a component of the tumor immune microenvironment where depending on their phenotype, they promote an immunosuppressive program that supports tumor growth or alternatively prime anti-tumor T cells to promote tumor regression (1, 2). Similarly, the wound associated macrophage phenotype can determine repair and fibrosis outcomes depending on T cell effector state (3) (4) (5) .
Macrophages execute varied programs through their functional diversity and plasticity. They are highly specialized depending on tissue environment; i.e., alveolar macrophages in the lung (6) , Kupffer cells in the liver (7) , and microglial cells in the brain (8) . Perturbations to the environment, particularly associated with certain disease states, alter their phenotype and function from normal tissue imprinting. The local tissue environment can influence macrophage phenotype beyond their developmental lineage. For example, environmental factors regulate macrophage epigenetics to control progenitor differentiation and reprogramming of already differentiated macrophages (9) . In the tissue response to trauma and foreign bodies, macrophages play successive roles from initial inflammation to innate defense and resolution, resulting in tissue repair or chronic inflammation and fibrosis depending on environmental signals (10) .
Macrophage functional heterogeneity is key to their ability to respond to diverse environments and cues. Yet this complexity in activity and gene expression is not reflected by current phenotyping and nomenclature dogma. Early attempts to classify macrophages resulted in the M1/M2 nomenclature to define the pro-inflammatory, interferon gamma (IFN) activated macrophage (M1) versus the "alternatively IL(Interleukin)-4 activated" macrophage (M2) (11, 12) . Following this, a spectrum model of macrophage activation was proposed (13) . In recent years, a common framework for macrophage activation has been suggested that considers a set of surface and genetic markers including CD206 as an "M2 marker" and CD86 as an "M1 marker" (14) . Recent technological advances, however, including single cell RNA sequencing (scRNAseq) and mass cytometry suggest that archetypal in vitro phenotypes rarely overlap with those found in physiological conditions (15, 16) . These approaches open the door to the refined characterization of macrophage populations that reflects the complexity of their phenotype and function in normal and pathological environments.
Biomaterials generate tissue microenvironments that can reproducibly induce specific macrophage phenotypes. Biological scaffolds, derived from the extracellular matrix (ECM) of tissues, promote a pro-regenerative tissue microenvironment that induces tissue repair through increased expression of IL-4. The repair capacity of these materials correlates with a TH2 T cell response that directs polarization to a traditionally-defined M2 macrophage in combination with a reduction of CD86 expression (3, 4) . Synthetic materials induce a foreign body response (FBR) that has been associated with inflammatory M1-type macrophages and development of a fibrotic capsule (17, 18) . While the M1-type inflammatory macrophage has been conventionally associated with a TH1 response, we have found that the FBR and the associated macrophage phenotype occurs in a type 17 immune environment that includes IL-17 production by innate lymphocytes, T cells, and TH17 T cells. IL-17 signaling is required for the fibrosis associated with the FBR, though the level of IL-17 expression may vary depending on the chemical and physical properties of the materials (19) . Synthetic and biological materials, therefore, serve as a model for Type 2 and Type 17 tissue immune microenvironments where the associated macrophage phenotype can be studied.
Here, we used scRNAseq to characterize macrophages isolated from a murine model of tissue repair versus fibrosis using model biomaterial tissue environments. Unbiased clustering algorithms revealed diverse populations of macrophages. Subsequent computational analysis identified phenotypic properties of the macrophage clusters. We identified inflammatory macrophages unique to regenerative and fibrotic environments with muted inflammatory and highly inflammatory signatures. We also defined phenotypically and functionally a phagocytic macrophage population exclusive to the reparative environment. Finally, we identified a unique CD9 hi+ IL-36γ + fibrotic macrophage population in the FBR response with signatures of type 17 immune responses and autoimmunity. We also identified surface markers that defined the novel macrophage clusters and validated their ability to separate macrophage subsets experimentally by flow cytometry and immunofluorescence. Finally, we validated the broader relevance of the macrophage subsets in human pathologies including histiocytosis and fibrosis.
Results
Single cell profiling of F4/80 hi+ macrophages in regenerative versus fibrotic tissue microenvironments To model tissue microenvironments with activated and heterogeneous macrophage populations, we selected biomaterials that are used clinically and induce divergent immune and tissue responses. Biological scaffolds derived from the extracellular matrix of tissues promote healing of muscle (20) and induce a Type 2 (M2/TH2) immune microenvironment (4). We selected a urinary bladder matrix (UBM), with properties similar to other ECM-derived materials, that is used clinically in wound healing (21) and hernia repair (22) . Polycaprolactone (PCL) was selected as a model synthetic biomaterial that stimulates a fibrotic response (23) and a Type 17 (M1/ TH17) immune microenvironment (19) . When characterizing macrophages in these biomaterial tissue microenvironments, CD86 (a ligand for CD28 and CTLA4) and CD206 (a scavenger receptor) expression is analyzed on differentiated macrophages (CD45 + CD64 + F4/80 hi+ ) (24) to characterize polarization. We sorted this population of differentiated macrophages for single cell analysis one week after biomaterial implantation and applied them to the 10X single cell RNA sequencing platform (Fig. 1A) . This resulted in the capture of ~7,200 macrophages with an average read depth of ~50,000 reads per cell across ~13,000 genes with over 4,000 median unique molecular identifiers (UMI) counts per cell (Supplementary Fig. 1 and Supplementary Table 1) . By condition, the total number of macrophages captured was 3,343 from UBM, 2,919 from PCL, and 876 from saline.
Unbiased clustering and pseudo-time trajectories reveal functional diversity that correlates with biomaterial tissue microenvironment Unbiased clustering algorithms categorized macrophages into clusters based on global gene expression patterns. We first computationally pooled macrophages from regenerative (UBM), fibrotic (PCL), and control (saline) conditions to create a virtual aggregate. Cells with reduced signal after scaling were removed from the analysis ( Supplementary Fig. 2 ), leaving 9 computationally determined clusters. The clusters were largely enriched for regenerative or fibrotic macrophages with differential expression analysis confirming distinct gene expression profiles (Fig. 1B) . UMAP (uniform manifold approximation and projection), a dimensional reduction algorithm, grouped cells by cluster, indicating that UMAP and the clustering algorithm agreed on the similarity of cell phenotypes (Fig. 1C) .
The experimental origin of each cell was then superimposed on the UMAP plot so that the enrichment of cells from regenerative or fibrotic microenvironment could be identified across all cell clusters (Fig. 1C) . Cell clusters were distinguished by experimental conditions, so we termed macrophages from the UBM tissue microenvironment regenerative associated clusters (RACs) and those from the PCL tissue microenvironment fibrosis associated clusters (FACs). Potential batch effects were removed by scaling on each experimental condition. Groups of macrophages isolated from saline-treated wounds were found at the interfaces between fibrotic and regenerative macrophages. This intermediate profile is supported by flow cytometry data suggesting that macrophages in a muscle wound without a biomaterial have characteristics of fibrotic and regenerative microenvironment ( Fig. 2A) . Similar cell numbers were sequenced from the fibrotic and regenerative conditions, but two-thirds of the macrophage cell clusters were RACs suggesting there is increased complexity of macrophage phenotypes in the regenerative tissue microenvironment.
To identify relationships between cell clusters and differentiation trajectories, we performed Slingshot pseudotime and RNA velocity analysis on the RACs and FACs. Precursor clusters (RP1, RP2, FP1) were selected based on similarities in gene expression in clusters across experimental conditions ( Supplementary Fig. 3 ). While RNA velocity, which predicts cell movement on a ~32 h timescale, confirmed movement of cells from RP2 towards R1 and supported the defined clusters. Pseudotime results indicate a branching lineage in both the RACs (R1, R2) and FACs (F1, F2) ( Fig. 1D ) with two functionally specialized terminal clusters in each condition. R3 was excluded from the pseudotime analysis due to its unique gene expression profile that included muscle-related genes.
To enable identification of the terminal regenerative and fibrotic macrophages, we determined surface marker combinations in silico that could differentiate subsets experimentally (Fig. 1D) . We performed flow cytometry on cells isolated from the UBM, PCL, and saline treatment conditions using the computationally-identified cluster surface markers. The CD45 + Ly6c -F4/80 hi cell populations from all conditions were concatenated together to create a tDistributed Stochastic Neighbor Embedding (tSNE) plot containing a complex mixture of all macrophages. We then identified macrophages expressing the surface markers CD9 (a protein involved in cell adhesion, fusion, and motility), CD301b (a galactose C-type lectin), and MHCII in the aggregated data set to represent the in silico macrophage clusters. The four terminal clusters F1, F2 (and FP1), R1, and R2 could be separated in the aggregate, suggesting that the new populations can be readily identified experimentally using flow cytometry (Fig. 1E ).
Expression of canonical polarization markers CD86 and CD206 is distributed across macrophage clusters
We first explored the correlation of the unbiased single cell clusters with canonical M1 and M2 polarization markers. Flow cytometry analysis of macrophages confirmed the enrichment of CD206 in the regenerative condition and CD86 in the synthetic condition with saline or untreated wound exhibiting intermediate levels of both markers ( Fig. 2A ). Histograms were consistent with previous studies that found UBM treatment downregulates CD86 while CD206 remains constant and PCL slightly decreases CD86 and significantly decreases CD206 compared to saline treatment.
While scRNAseq supported the enrichment of Cd206 across regenerative macrophages and Cd86 across fibrotic macrophages, it could not discriminate between phenotypically distinct macrophages subsets. Expression levels of these two surface markers superimposed on the UMAP plot show neither Cd86 nor Cd206 correlated with the computationally determined clusters (Fig. 2B ). We then compared the expression patterns of canonical polarization genes and Cd206 and Cd86 across the unbiased clusters of RACs and FACs and found similar disparities (Fig. 2C ). In particular, cluster F1 had elevated expression of Cd86, but relatively low levels of other M1 genes Il1b, Mmp9, and Nfkbiz. Meanwhile, Il1b and Mmp9 were expressed predominantly in fibrotic cluster F2 which had the lowest expression levels of Cd86. The strongest expression of M2 markers was found together with the highest expression of Cd206 in R2, but R2 also had high expression of the M1 marker Cd40. Other clusters had elevated expression of the type 2 associated genes Arg1 and Socs3 despite reduced expression of Cd206.
Comparison of macrophage polarization markers on a per cell basis in the different experimental conditions also revealed a significant heterogeneity (Fig. 2D) . Retnla was the only type 2 gene not expressed in the fibrotic macrophages. Expression of other type 2 genes, Arg1 and Socs3, did not parallel Cd206 expression on a cell-by-cell basis. At the same time, high levels of Retnla, Arg1, and Socs3 expression were found in cells that did not express Cd206. There was a similar pattern of disparity in expression of Cd86 and type 1 genes. Cd86 expression did not correlate with Nfkbiz, and Il1b on a cell-by-cell basis. Many cells expressed high levels of Cd86 expression in parallel with low levels of Nfkbiz and Il1b.
CD9, CD301b, and MHCII expression identifies fibrotic and regenerative macrophage subsets Since the single cell analysis confirmed that Cd86 and Cd206 expression did not differentiate phenotypic subsets, we explored alternative surface markers in the scRNAseq dataset. In silico assessment of surface markers revealed that differential expression of Cd301b, Cd9, and Cd74 (encoding the MHCII-associated invariant chain) was sufficient to identify each of the macrophage clusters (Fig. 2E) . We then tested these surface markers on bulk cell isolates from the tissue environments to confirm that the gene expression correlated with surface protein expression and could separate the macrophage populations using multiparametric flow cytometry. The proposed surface markers were able to discriminate the macrophage subsets corresponding to in silico determined clusters in the regenerative and fibrotic conditions (Fig.  2F ) using the gating schematics in Supplementary Fig. 4 , 5. The surface marker CD301b allowed nearly complete separation of macrophages unique to the regenerative microenvironment while CD9 and CD74 further differentiated macrophages into the multiple in silico predicted subsets (Fig. 2G) . The CD9 and CD301b surface marker paradigm differentiates macrophage groups not equivalent to the commonly used cytokine-induced in vitro macrophage phenotypes (IL-4, IFN+LPS, IL-10) that all express high levels of CD9 ( Supplementary Fig. 6 ).
Computational phenotyping reveals limited inflammatory and phagocytic macrophages in the regenerative environment We used pseudotime analysis to elucidate relationships between the RACs and found a branching differentiation trajectory with two terminally differentiated clusters (R1, R2) stemming from three precursor clusters (RP1-3) (Fig. 3A, B) . Precursor RP3, a direct precursor to only R2, shared a similar but reduced phenotype to R2 based on differential gene expression ( Supplementary Fig. 7 ). While R2 is composed entirely of macrophages derived from the regenerative condition, RP3 had a relatively high composition of saline derived macrophages ( Supplementary Fig. 8 ). The RACs expressed Il4ra with R2 expressing the highest levels, correlating with the UBM induction of IL-4 and the macrophage response to the tissue environment induced by the biological scaffold.
To characterize the phenotype and potential functional properties of R1 and R2, we compared outcomes of their differential expression, gene set enrichment analysis, and gene network analysis. Differential gene expression analysis of R1 showed upregulation of antigenpresenting capacity, inflammatory activity, and glycolysis, including Cd74, Ccr2, Il1b, and Gapdh (Fig. 3C, D) . While R1 expression levels of the inflammatory genes Il1b and Tnfa were elevated when compared to other RACs, they were low when compared to the highly inflammatory FACs (Supplementary Fig. 9 ). Gene set enrichment of R1 also found elevation of inflammatory responses (Fig. 3E) . R1 was enriched in leukocyte activation gene sets, suggesting that these macrophages play a role in communication and activation of the adaptive immune system. Finally, network analysis supported both the differential expression and gene set enrichment. R1 expressed gene modules associated with glycolysis (Eno1, Gapdh), antigen presentation (H2 genes and Cd74), and inflammatory cytokines and chemokines (Cxcl1, Ccr2, Ccl5, Tnfa, and Il1b) (Fig. 3F) .
In contrast to the inflammatory R1 macrophage subset, R2 expressed multiple genes associated with alternatively-activated or anti-inflammatory macrophages (Fig. 3C) . Differential expression and network analysis both revealed enrichment for anti-inflammatory genes such as Chil3, Cd163, and Mrc1 (gene encoding CD206) (Fig. 3D) . In addition, R2 expressed high levels of Ccl24 (Eotaxin-2), a chemokine for eosinophil attraction that is observed responding to ECM materials (25) . Gene set enrichment and gene modules from network analysis also support a unique metabolic profile with expression of Cox5a, Uqcrq, Ndufa1, and Ndufc2 (Fig. 3E, F) . This profile supports R2 activation of oxidative phosphorylation compared to glycolysis in R1. R2 expression also included gene set enrichment and endocytic gene modules (Cltc, Clta, and Ap2a2) that suggest phagocytic activity in this subset.
In vivo subtyping validates in silico predicted RAC phenotypes and microenvironment enrichment using CD9 and CD301b-based flow cytometry In silico defined clusters R1 and R2 were validated in vivo by flow cytometry using a combination of CD301b, CD9 and MHCII on cells isolated from the UBM tissue microenvironment. While CD301b separated the terminal regenerative clusters R1 and R2 from progenitor clusters and R3, we found the R1 and R2 could be further defined as CD9 + MHCII + and CD9 -MHCII -respectively. A combination of both markers provided distinct separation of R1 from R2 for analysis and cell sorting (Fig. 3G) . As predicted computationally, CD301b + CD9 + R1 and CD301b + CD9 -R2 macrophages express different levels of both MHCII and CD11c when quantified by surface marker expression using flow cytometry (Supplementary Fig. 10 ). R1 and R2 are distinguished by higher CD11c and lower CD206 expression respectively. These pronounced subset specific profiles elucidate earlier suggestions of complex phenotypes associated with the regenerative UBM microenvironment (25, 26) .
To evaluate the kinetic evolution of the regenerative macrophage subsets in different experimental conditions, we performed flow cytometry on macrophages isolated from regenerative, fibrotic, and control VML microenvironments at 1, 3 and 6 weeks (Fig. 3H) . Consistent with RNA velocity analysis ( Supplementary Fig. 11 ), R1 increased significantly in the regenerative condition from 1 to 3 weeks while the R2 population maintained elevated levels with respect to the other conditions. As expected, the fibrotic condition had low expression of both R1 and R2 at all timepoints. The saline wound control showed an increase in both R1 and R2 at 3 weeks and R2 at 6 weeks, suggesting the UBM tissue microenvironment may be following an accelerated course of regeneration that is observed functionally with respect to an untreated wound.
Expression analysis predicted that R2 macrophages were phagocytic, an important function in wound clean up that is associated with tissue repair. Since the surface markers uniquely identified R2 by flow cytometry, we were able to sort pure populations of R1 and R2 and experimentally validate phagocytic activity. R1 and R2 macrophages sorted from a UBMtreated regenerative environment were evaluated for the ability to uptake fluorescent microbeads. The R2 (CD301b + CD9 -) macrophage subset phagocytosed beads whereas R1 (CD301b + CD9 + ) macrophages did not internalize any beads (Fig. 3l) . This result confirms the functional properties predicted by the gene expression analysis and provides surface markers that can specifically identify phagocytic macrophages.
Genes associated with the local tissue microenvironment are found in macrophage cluster R3 The R3 RAC expressed the most unique gene signature compared to all other subsets with UBM treatment. Many of the top differentially expressed genes in this macrophage population were related to muscle tissue Mylpf, Myl1, Acta1, Tnnc2, and Tnnt3 (Fig. 4A ) and dendritic cells (Lag3, Cd11c) (27), Gene set enrichment and network analysis indeed supported this finding, with gene modules associated with skeletal muscle (Myl4, Des, Ttn, Tnnc2, Tpm1, and Acta1) (Fig. 4B ) and strong enrichment of gene sets related to myogenesis and muscle function (Fig.  4C ). Deeper analysis found that R3 cells also expressed genes characteristic of endocytosis and lysosome activity including moderate elevation of Psap, Ctss, Hexb, Cd63, and Ctsz (Fig.  4D) . This is further supported by gene set enrichment finding enrichment of sets related to lysosomal and endocytic function and network analysis showing a module of genes associated with antigen presentation (B2m, Cd74, and H2 genes). Two possible explanations emerge from these results. R3 muscle signature may be due to macrophages differentiating towards a muscle lineage and participating in building new muscle tissue since this is the tissue environment in which they are located. Alternatively, the single cell analysis is detecting endosomal mRNA in macrophages that have phagocytosed muscle cells during cell and tissue debris removal in the wound healing process.
Computational phenotyping indicates FACs associated with inflammation and autoimmunity
We also applied pseudotime and RNA velocity analysis to determine FAC differentiation and polarization relationships ( Supplementary Fig. 11 ). From pseudotime analysis, one precursor cluster (FP1) led to a branching trajectory with two terminal fibrosis-associated macrophage clusters, F1 and F2 (Fig. 5A) . RNA velocity confirmed pseudotime results and continued polarization of F2 from the bulk macrophages. The F1 cluster expressed traditional markers of inflammation and genes associated with the interferon response including Irf7, Il18, and Tlr2 (Fig. 5B) . Gene sets for both IFN and IFN response were enriched in F1 (Fig. 5C ). Gene networks also showed modules associated with interferon response (Stat1, Myd88, Irf7, and Tlr2) and cytokines associated with inflammatory function (Il18, Ccl4, Ccl7, and Cxcl10) (Fig.  5D ). While both macrophage populations have elements of inflammation, F1 and F2 exhibit significantly different expression profiles.
While F2 was small, it had a distinct gene expression signature that included recently discovered cytokines and genes with limited characterization. While F2 expressed inflammatory markers Slpi, Hdc, Tlr2, and Il1b ( Supplementary Fig. 12) , it also expressed genes associated with autoimmunity Il36, Trem1, Asprv1, and Il17ra (Fig. 5B) . The unique nature of this subset and possible functional relevance is exemplified in the expression of Il36 (also known as Il1f9) that is found in lesions of skin psoriasis and participates in a positive feedback loop in type 17 immune responses (28) . IL-17, the primary cytokine of Type 17 responses is also associated with fibrotic diseases not yet associated with autoimmunity including idiopathic pulmonary fibrosis (IPF) (29, 30) , cardiac fibrosis (31) , and the foreign body response suggesting a Type 17-autoimmune connection. The F2 cluster expressed increased Il17ra, further supporting the role of IL-17 in this subset and the macrophage responsiveness in the PCL tissue microenvironment.
To validate the experimentally the FAC clusters, we performed flow cytometry using the computationally defined surface marker strategy including CD9, CD301b, and MHCII ( Fig. 5E  and F) . According to the computational analysis, the surface markers differentiate the F1 cluster but the F2 and FP1 clusters are not separated. Both F1 and F2+FP1 were elevated in the PCL fibrotic condition at 1 week with a significant reduction in F1 from 1 to 3 weeks. However, levels of F2+FP1 were consistently elevated, suggesting that F2 may be important in the development of pathological fibrosis. The UBM regenerative condition had low levels of both F1 and F2 at 1 week which was reduced at 3 and 6 weeks. The control wound condition had high levels of F1 at 1 weeks and 3 weeks with a significant decrease at 3 weeks. There was a low, decreasing number of F2 macrophages in the control wound environment, further suggesting that F2 is associated with fibrotic pathology. Finally, we performed immunofluorescence (IF) for F4/80 + CD9 + on tissue treated with PCL to visualize F2 (and FP1) macrophages (Fig. 5G) . -/-and Il17ra -/-mice treated with PCL compared to WT after 12 weeks (Fig. 6A) . Il36, coding for a key cytokine expressed in F2 that links IL-17 and autoimmune responses in the tissue, significantly increased after PCL implantation compared to saline in WT animals. Expression of Il36decreased significantly in Il17a -/-and Il17ra -/-mice, further supporting a connection between IL-17 signaling and IL-36 in F2 (Fig. 6B) .
The broader relevance of the fibrosis-associated F2 profile was explored in human fibrotic pathologies. Positive immunofluorescence staining for F2-specific markers (CD64 + CD9 + IL-36 + ) in human breast implant tissue capsules as well as histiocytosis (juvenile xanthogranuloma and Langerhans cell histiocytosis) suggest that these macrophages are also relevant to human disease (Fig. 6C) . Further, IL17RA expression is correlated to IL36and the expression of the macrophage marker MSR1, supporting a role of the IL-17/IL-36feedback loop in human macrophages (Fig.6D) .
Terminal macrophages profiles are present in human and murine tissues To determine the broader relevance of the model biomaterial-induced macrophages, we utilized the SingleCellNet program (32) and trained the scRNAseq cell classification algorithm using the terminal macrophage data sets (Supplementary Fig. 13 ). We then compared the results to macrophages computationally extracted from publicly available data sets of healthy human liver (33), a mouse model of idiopathic pulmonary fibrosis (34) , and a mouse model of sarcoma with cancer immunotherapy (15) .After clustering macrophages within each data set, we applied SingleCellNet to quantify similarity with the terminal biomaterial macrophages ( Figure 6E ). The R1 and R3 macrophage subsets were found in all of the conditions that we evaluated. While the expression of muscle markers in R3 initially suggest that they may be unique to the muscle tissue environment, their presence in all the conditions studied suggest that even this subset has broader relevance in multiple tissue types and pathologies. We found that only liver, a strongly regenerative tissue, contained macrophages similar to R2. The majority of macrophages in the sarcoma were similar to F1 but there was also a small cluster similar to F2. The F2 cluster was also present in the lung tissue.
Discussion
Macrophages play a critical role in execution of host immune responses to infection, cancer, wound healing, and maintaining tissue homeostasis. Here, we applied single cell RNA sequencing to identify and characterize macrophage phenotypes associated with tissue microenvironments modeled using biomaterials that promote divergent tissue environments, immune profiles, and functional outcomes. The unbiased classification and characterization from the single cell analysis provide new, distinct phenotypic profiles that can be identified using a combination of surface markers and standard experimental flow cytometry and immunostaining techniques. Terminal clusters discovered from single cell analysis provide refined phenotypic and functional macrophage characterization in different tissue environments. We identified a previously unknown macrophage population that links a fibrotic tissue environment with Type 17 immune responses and signatures of autoimmunity, which was abrogated with loss of IL-17 signaling.
The macrophages associated with UBM and IL-4 in the tissue are heterogeneous and distributed in phenotypically distinct clusters. IL-4 is a cytokine recognized for promoting repair of muscle (4), liver (35) ., and cartilage (36) , and is critical for macrophage polarization in a healing wound (37) . The UBM environment induced greater macrophage heterogeneity with two primary terminal subsets with phenotypes relevant to tissue repair. Expression analysis of the R1 cluster suggests it is important for mobilizing and educating immune cells through the expression of chemokines and increased antigen presentation that is required during the early wound healing process. The R2 macrophages, with the highest level of Il4ra, expressed genes relevant to stimulation of other cell types important for Type 2 responses and regeneration including Ccl24 (Eotaxin-2), coding for a protein that attracts and activates eosinophils. This finding is supported by Chawla et al., that demonstrated the IL-4 secreting eosinophils are critical to muscle repair (38) . The metabolic profiles of the R1 (glycolysis) and R2 (oxidative phosphorylation) correlate with distinct functions of antigen presentation and adaptive-related chemokine expression versus phagocytosis, that was validated experimentally in sorted R2 macrophages. Glycolysis has been associated with inflammatory macrophages (39) and oxidative phosphorylation with alternatively activated macrophages but macrophages (40) . In vitro studies of conventional M2 macrophages required inhibition of both metabolic pathways to inhibit IL-4 induced STAT6 phosphorylation (41) .
The distribution of macrophages isolated from the PCL-treated wounds was less heterogeneous than the ECM-treated tissues and included the functional subsets F1 and F2. The F1 cluster expresses many genes associated with inflammation including interferon-related cytokines and activation of the innate and adaptive immune system. The R1 cluster also expressed markers of inflammation and mobilization but the magnitude of expression and types of inflammatory markers were significantly different. This difference in the F1 and R1 inflammatory profile suggests the importance of the early inflammatory response in directing the subsequent tissue repair or development of a foreign body capsule or fibrosis. The time course of flow cytometry revealed that R1 increased with ECM treatment. Since ECM treatment improves tissue repair, R1 may represent an inflammatory phenotype that can be targeted to enhance tissue development.
The F2 cluster associated with PCL treatment expressed genes that connected Type 17 immunity and markers of autoimmune disease. Type 17 immune responses are associated with autoimmunity in diseases such as psoriasis, irritable bowel syndrome and inflammatory arthritis (28, (42) (43) (44) . The F2 macrophages express IL-36a cytokine that is found clinically in the skin of psoriasis patients and in inflammatory arthritis (45) . This cytokine was also recently identified as a target in tumors that, when blocked, enhances responsiveness to immunotherapy (46) . It is also implicated in a positive feedback loop with IL-17 (28) . In other work, we demonstrated that IL-17 is produced by innate lymphocytes,  and CD4 + T cells in response to PCL implantation in mice and in the fibrous capsule surrounding human breast implants (19) . IL-17 is implicated in fibrotic disease in in the lung (30) , heart (31), and liver (47) in addition to the foreign body response (5) . The F2 macrophage population expressing IL-17 receptor A, links n IL-17 signaling, fibrosis and autoimmune disease.
The F2 macrophages also expressed multiple forms of Trem (triggering receptor expressed on myeloid cells) and its ligands that are associated with autoimmune diseases such as inflammatory bowel disease and psoriasis (48, 49) . TREM integrates and broadly modifies inflammatory signals across the innate and adaptive immune system. The presence of F2 surface markers and related cytokines in human tissues provides evidence that the tissue immune environment created by PCL and the mechanisms of response may be broadly relevant to various pathological conditions. Further supporting the broader relevance of the macrophage subsets, we found macrophages clusters similar to F2 in publicly available data sets of idiopathic lung fibrosis and sarcoma. Multiple genes in the F2 subset have functions that remain unknown. Based on the potential importance of this subset in disease pathology, further studies into these unknown genes may be warranted. While small in number, the F2 macrophage subset, is highly differentiated and may play a critical role in pathologies associated with the pro-inflammatory macrophages in tissue fibrosis. Further studies to investigate the macrophage subsets that we identified by single cell analysis will determine if the surface markers and their associated subpopulations and respective expression profiles are stable and broadly relevant. The functional impact of removing or augmenting specific macrophage subsets will provide further insight into their mechanistic contributions to the tissue environment across multiple pathologies. 
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